The shear wave velocity structure of the upper mantle beneath the East African plateau has been investigated using teleseismic surface waves recorded on new broadband seismic stations deployed in Uganda and Tanzania, as well as on previously deployed stations in Tanzania and Kenya. Rayleigh wave phase velocities at periods between 20 and 182 s, measured with a two-plane wave method, have been used to create phase velocity maps, and dispersion curves extracted from the maps have been inverted to obtain a quasi-3-D shear wave velocity model of the upper mantle. We find that phase velocities beneath the Tanzania Craton and areas directly north and west of the craton are faster, at all periods, than those beneath the Western and Eastern branches of the East African Rift System. At periods <50 s, the western branch is slower than the Eastern Branch, but at periods greater than 50 s, this relationship is reversed. Anisotropy is found at all periods, with a generally north-south fast polarization direction. The shear wave velocity model shows a seismically fast lithosphere (lid) beneath the Tanzania Craton to depths between 150 and 200 km. The fast velocities in this depth range extend to the north beneath the Uganda Basement Complex and to the east beneath the northern Tanzania divergence zone, indicating that these regions together form a rigid block around which rifting has occurred within weaker mobile belt lithosphere. The Eastern and Western branches are slower than the craton at lithospheric mantle depths, and both branches show variable structure in the upper 200 km of the mantle, with the lowest velocities found beneath areas of Cenozoic volcanism. At depths greater than ∼225 km, a low velocity anomaly is present beneath the entire East African plateau that may extend into the mantle transition zone. Velocities in the low velocity region are reduced by ≥10 per cent relative to lid velocities, and if attributed only to temperature variations, would represent an unrealistic thermal perturbation of >400 K. Consequently, it is likely that the velocity reduction reflects a combination of thermal and compositional changes, and also possibly the presence of partial melt. The width and thickness of the low velocity anomaly is greater than typically expected for a plume head and is more easily attributed to an upward continuation of the lower mantle African superplume structure into the upper mantle.
The origin and size of the thermal anomaly, however, are poorly understood, as is the geodynamic connection between it and the formation of the EARS. Some studies have proposed that the thermal anomaly and rifting have been caused by a non-plume source (e.g. King & Ritsema 2000) , although others have suggested a plume source consisting of one or more plume heads (e.g. Burke 1996; Nyblade et al. 2000; Park et al. 2006) .
In East Africa, previous seismic studies have primarily focused on the Eastern Branch of the EARS because of the number of seismic stations that have been deployed in Kenya and in central and eastern Tanzania over the past few decades. Some studies have found evidence for a westward dipping LVA in the upper mantle extending to depths of at least 400 km beneath the Eastern Branch (e.g. Ritsema et al. 1998; Nyblade et al. 2000; Owens et al. 2000; Park et al. 2006; , suggesting that the LVA may continue into the lower mantle. However, the limited resolution imposed by data availability made it difficult for these studies to determine if the low velocity structure observed beneath the Eastern Rift Branch continues beneath the lithosphere of the Tanzania Craton and connects to a LVA under the western branch.
The shape, size and depth extent of the LVA provide key constraints on the nature of the perturbed upper mantle beneath East Africa. In this study, we use a new data set obtained from broadband seismic stations deployed in Uganda and Tanzania, combined with data from previous seismic projects, to investigate the seismic velocity structure of the upper mantle beneath the entire East African plateau, including both the Eastern and Western branches of the EARS. Rayleigh wave phase velocities at periods between 20 and 182 s, measured with a two-plane wave method, are used to create phase velocity maps, and dispersion curves extracted from the maps have been inverted to obtain a quasi-3-D shear wave velocity model of the upper mantle. Our shear wave velocity model provides a more complete image of upper mantle seismic structure than images from many previous studies, enabling us to evaluate further candidate models for the origin of the low velocity structure and also for the Cenozoic uplift, rifting and volcanism associated with the EARS.
B A C KG RO U N D

The geology of East Africa
The study area spans the central portion of the EARS, where the rift system bifurcates into Eastern and Western branches around the Archean Tanzania Craton (Fig. 1) . The Tanzania Craton has a mean elevation of ∼1200 m and approximate dimensions of 1000 km by 500 km (Goodwin 1996) . Most of the craton consists of granites, greenstone belts, gneisses and amphibolites that were formed by at least 2.5 Ga (Cahen et al. 1984) .
The Tanzania Craton is surrounded by several Proterozoic mobile belts (Fig. 1) . To the southwest of the craton is the oldest of the mobile belts, the Ubendian Belt, which was formed between 2.0 and 2.1 Ga. The northeast trending Usagaran Belt (∼1.9 Ga) abuts the northwest trending Ubendian Belt to the south-southeast of the craton. The northeast trending Kibaran Belt lies north of the Ubendian Belt and west of the Tanzania Craton, and was formed ∼1.3 Ga (Cahen et al. 1984) . The Mozambique Belt to the east and southeast of the craton was formed of multiple assemblages accreted to the craton margin between 570 Ma and 1.2 Ga (Cahen 1984; Key et al. 1989; Fritz et al. 2009; Bellucci et al. 2011) . To the north across southern and central Uganda, the Tanzania Craton is bordered by the 2.1 Ga Ruwenzori Fold Belt. To the north of the Ruwenzori Fold Belt is the Ugandan Basement Complex, which consists primarily of migmatitic gneisses and granulites (Leggo 1974) . The age of the Ugandan Basement Complex is uncertain, but are estimated to be between 1.8 and 2.5 Ga, and may be contiguous with the Archean Bomu-Kibalian Craton of Central Africa (Cahen et al. 1984; Goodwin 1996) . However, some deformation of the Ugandan Basement Complex may have occurred during the East African orogeny, ∼650 Ma (Leggo 1974) .
The Eastern Branch of the EARS includes the Kenya (Gregory) Rift, which consists of several roughly north-south trending rift segments that widen into a 300 km wide area of block faulting in northern Tanzania called the northern Tanzania divergence zone (Dawson 1992; Foster et al. 1997; Chorowicz 2005 ; Fig. 1 ). The Western Rift branch consists of, from north to south, the Lake Albert and Lake Edward rifts (together referred to here as the Ugandan Rifts), the Lake Kivu Rift, the Lake Tanganyika Rift, the Lake Rukwa Rift and the Lake Malawi Rift (Fig. 1) . Some of the rifts in the southern portion of the western branch are thought to have developed along reactivated Karoo faults (Nichols & Daly 1989) .
The earliest volcanism in Kenya started in the Turkana region of northern Kenya around ∼35-40 Ma (MacDonald et al. 2001; Furman et al. 2006) . Magmatic activity in other parts of northern Kenya began ∼30 Ma (Morley et al. 1992; Ritter & Kaspar 1997) , although volcanism started ∼15 Ma in the central portion of the Kenya rift, at ∼12 Ma in southern Kenya (Morley et al. 1992; Hendrie et al. 1994; Mechie et al. 1997 ) and at about 8 Ma in northern Tanzania (Dawson 1992; Foster et al. 1997) . Volcanism in the western branch began ∼12 Ma (Ebinger 1989; Pasteels et al. 1989; Kampunzu et al. 1998) . Timing of plateau formation in East Africa remains poorly constrained, although there is evidence for Shear wave velocity beneath Africa 3 localized Neogene uplift along the flanks of some rift valleys (e.g. Noble et al. 1997; van der Beek et al. 1998; Spiegel et al. 2007 ).
Previous studies of East Africa
In this section, we primarily focus on results from previous studies that have examined the seismic structure of the crust and upper mantle beneath East Africa. We begin with crustal structure, which we include as an a priori constraint in the modelling in Section 4. Using a combination of Rayleigh wave phase velocities and receiver functions obtained from the Tanzania Broadband Seismic Experiment (TBSE; Nyblade et al. 1996) , Last et al. (1997) investigated the crustal structure of the Tanzania Craton, Ubendian Belt and Mozambique Belt. They reported crustal thicknesses of 37-42 km for the Tanzania Craton, and 36-39 km and 35-44 km for the Mozambique and Ubendian belts, respectively. They concluded that crustal thickness does not vary greatly across the East African plateau, and that the crust of the Mozambique Belt has not been significantly thinned by rifting in the northern Tanzania divergence zone. These findings were corroborated by later studies using additional data sets and methodologies (Dugda et al. 2005; Julia et al. 2005; Tugume et al. 2010) .
Crustal structure within and surrounding the Kenya Rift has also been investigated by the Kenya Rift International Seismic Project (KRISP). Modelling of seismic refraction profiles revealed that crustal thickness varies from about 35 km in the southernmost part of the Kenya Rift to about 20 km in the north beneath the Turkana Basin (Prodehl et al. 1994; Prodehl et al. 1997 and references therein) . Immediately away from the Kenya Rift, the refraction modelling revealed 40-42 km thick crust, consistent with the results of Dugda et al. (2005 Dugda et al. ( , 2009 .
In one of the earliest papers to examine upper mantle structure under the Western and Eastern branches, Nolet & Mueller (1982) used a combination of body wave delay times and surface wave velocities. Beneath the Eastern Branch, they found evidence of a 40 km thick crust underlain by low mantle velocities extending to at least 220 km, and beneath the western branch, a 35 km thick crust and higher mantle velocities.
Using data from the KRISP stations, several investigators (e.g. Green et al. 1991; Achauer et al. 1994; Slack et al. 1994; Achauer & Masson 2002; Davis & Slack 2002 ) modelled the uppermost mantle velocity structure beneath the Kenya Rift and found a region of low velocities directly beneath the rift that extended near-vertically to at least a depth of ∼160 km. Park et al. (2006) combined the KRISP and Kenya Broadband Seismic Experiment (KBSE; Nyblade & Langston 2002) data to image the velocity structure of the upper mantle beneath Kenya, and found a region of low velocity directly beneath the rift that broadens to the west beneath the Tanzania Craton at depths greater than 150 km. Ritsema et al. (1998) used teleseismic data from the TBSE to image tomographically the P-and S-wave velocity structure of the upper mantle. Their results showed a lithospheric keel beneath the Tanzania Craton, with fast velocities extending to a depth of at least 200 km, and a region of reduced velocities beneath the Eastern Branch dipping to the west beneath the fast structure of the craton. Their study had insufficient resolution to determine whether a LVA is present beneath the western branch. Owens et al. (2000) used the velocity model from Ritsema et al. (1998) to stack receiver functions for imaging the transition zone discontinuities beneath the Tanzania Craton and the Eastern Branch. They reported evidence for a depression of the 410 discontinuity and ∼30-40 km of thinning of the transition zone beneath the eastern side of the Tanzania Craton and the Eastern Branch, which they interpreted to indicate a thermal anomaly in the upper mantle that extends downwards at least to the top of the transition zone. A more recent study by Huerta et al. (2009) combining data from the TBSE and KBSE confirmed this finding. Weeraratne et al. (2003) also used data from the TBSE to measure phase velocities using the two-plane wave approximation method (Forsyth & Li 2005) . Their study area is similar to, but smaller than this study, and because of the distribution of stations used, their resolution of mantle structure is best beneath the southern portion of the Tanzania Craton and the Eastern Branch. They found thick lithosphere beneath the Tanzania Craton extending to a depth of ∼170 km, underlain by a LVA, where velocities are reduced by up to 12 per cent relative to the maximum lid velocity. In addition, they found low velocities beneath the Eastern and Western branches, extending from the uppermost mantle to depths ≥200 km, and anisotropy characterized by a N-S fast polarization direction.
For the Tanzania Craton and the surrounding Western and Eastern Rift branches, Walker et al. (2004) found a pattern of seismic anisotropy that is not easily interpreted. They found a dominant fast polarization direction beneath the rift branches that is roughly aligned with the strike of the rifts, similar to what has been observed to the north in the Main Ethiopian Rift (e.g. Bastow et al. 2010 and references therein), but considerable variations in fast directions were observed outside of the rifts. They attributed the overall pattern of anisotropy to a combination of fossilized anisotropy in the lithosphere, asthenospheric flow around the Tanzania Craton and partially molten lenses and dikes in the lithosphere, similar to the explanation for the rift-parallel fast polarization directions in Ethiopia (e.g. Bastow et al. 2010 and references therein) .
Other geophysical and geochemical techniques have also been employed to study upper mantle structure beneath East Africa. For example, Simiyu & Keller (1997) attributed the long wavelength negative Bouguer gravity anomaly across the plateau, and the smaller, more narrow negative anomalies beneath the two rift branches, to a broad region of low densities in the upper mantle that shallows beneath the rift branches. Ebinger et al. (1989) examined elastic plate thickness, showing that low-density material in the East African upper mantle overcompensates for the high topography of the East African plateau. Nyblade (1997) reported heat flow measurements from the Tanzania Craton and the surrounding mobile belts, which show that away from the Cenozoic rifts the average heat flow for the Tanzania Craton and mobile belts is not anomalously elevated. Nyblade (1997) concluded that if the mantle beneath the East African plateau was thermally perturbed in conjunction with the development of the EARS starting at ∼25 Ma (Baker et al. 1972; Ebinger 1989) , then there has been insufficient time for the thermal perturbation to propagate through the lithosphere and reach the surface.
Geochemical analyses of volcanic rocks in various parts of East Africa show that magmas reaching the surface contain lithospheric and plume-like components (Furman 2007) . Isotope studies of basalts in the Kenya Rift and the Western Branch indicate their source magmas have greater crustal and lithospheric mantle assimilation than do the magmas from the Ethiopian Rift to the north, where lithospheric thinning has been more dramatic (Furman 2007) . Basalts from the Kenya Rift and the Kivu Rift have Sr-Nd-Pb isotope values similar to high-μ values characteristic of ocean islands, which are also found in the basalts of the Ethiopian Rift (Chaffey et al. 1989; Furman & Graham 1999) . These results, as well as He isotope studies (Pik et al. 2006) , are consistent with magma from 4 A. Adams, A. Nyblade and D. Weeraratne a deep mantle source with some mixing of lithospheric material (Furman 2007) . A recent analysis of magma compositions from across East Africa has inferred mantle temperatures from MgO content of the primary magmas (Rooney et al. 2012) . Their findings show mantle temperatures that are only moderately elevated (≤140
• C), indicating that factors other than temperature, for example partial melt triggered by CO2, may contribute to low velocities observed in the upper mantle.
Xenolith studies have also contributed to our knowledge about the dynamics of the upper mantle beneath the EARS. For example, Chesley et al. (1999) conducted a study of mantle xenoliths from the eastern margin of the Tanzania Craton, and, using an analysis of Re-Os isotopes, found that xenoliths from depths less than 140 km indicate a refractory mantle that formed ∼2.8 Ga. They also found that the chemical composition of deeper xenoliths indicates a primitive mantle beneath the craton, similar to plume-related oceanic islands.
P H A S E V E L O C I T Y I N V E R S I O N
Data processing
We use data from several sources, including stations from the Global Seismic Network, the TBSE (June 1994-May 1995; Nyblade et al. 1996) , the AfricaArray permanent seismic network (africaarray.org) and the two phases of the AfricaArray East African Seismic Experiment (Fig. 2) We use data for 93 events recorded by the TBSE stations that were windowed and filtered by Weeraratne et al. (2003) . Following a similar methodology, we add data for an additional 89 events that were recorded by the AfricaArray East African Seismic Experiment between August 2007 and August 2009. Events that were clearly recorded by at least five stations and had a high signal-to-noise ratio were selected for inversion (Fig. 3) . We also checked for timing shifts that may occur because of equipment errors and interference from other phases on the unfiltered waveforms before the data were included in the inversion. The combined data set gives good azimuthal coverage within the Tanzania Craton and the surrounding mobile belts and rifts, as is illustrated by the ray coverage shown for 50 s Rayleigh waves in Fig. 4 .
Each seismogram was filtered and windowed separately for 14 periods ranging from 20 to 182 s. At each frequency, a zero-phaseshift, 10 mHz wide bandpass filter centred at each frequency was used to filter the seismograms. For each event, a window length was chosen for each period that contained the primary Rayleigh wave arrival. For each filtered and windowed seismogram, discrete Fourier analysis was used to measure the phase and amplitude for that record.
Model parameterization and inversion methodology
Surface wave tomography methods often assume that a surface wave recorded by a station can be represented by a single plane wave propagating along a great-circle path. Although this approximation may be accurate for a sufficiently small area on a spherically homogenous Earth, it does not account for distortions of the wavefield created by heterogeneities in the Earth. In this study, we apply a method developed by Forsyth & Li (2005) that accounts for deviations in the incoming wavefield by approximating it with two interfering plane waves. Initially, velocity is held constant, although the phase, amplitude and propagation azimuth of the two waves are solved for using an iterative simulated downhill simplex annealing method (Press et al. 1992) . A secondary, linearized inversion (Tarantola & Valette 1982) , minimizing errors in a least-squares sense, is then employed to simultaneously solve for corrections to the velocity model and wave parameters.
This method uses a Cartesian coordinate system on a flat Earth and assumes that the complex incoming wavefield can be approximated by two plane waves. This assumption is most realistic when station aperture is small, thereby limiting the sensitivity of the propagation of the waves to the curvature of the Earth. Therefore, for earthquakes that were recorded by stations spanning large distances, we have opted to process records from stations in smaller groups. Because of the compact and non-linear station configuration of phases 1 and 2 of the AfricaArray East African Seismic Experiment, earthquakes recorded by each phase have been treated as one event. Earthquakes recorded by the TBSE, however, have been processed as three events (i.e. solving for three sets of wave parameters), each recorded by one of three overlapping sections of the array, as indicated in Fig. 2 .
A series of inversions were conducted for each period. The first set of inversions solve for an average 1-D phase velocity dispersion curve representing the entire study area. For the initial inversion, we use the average phase velocities for the Tanzania Craton from Weeraratne et al. (2003) as our starting model. Subsequent inversions were iterative, each using the phase velocities from the previous, more simple inversion as a new starting model. The next set of inversions solved for 1-D phase velocity curves for each of the geological regions shown in Fig. 5 . The velocity curves for each region were then used as starting models to invert for velocities at each node, creating 2-D velocity maps. The approach of refining the starting model for each inversion limits errors that might be introduced into the 2-D phase velocity maps by relying on a starting model that contains a priori information.
For our 1-D inversions, we use a Gaussian sensitivity function to account for the sensitivity to heterogeneities off of the greatcircle path. It has been shown, however, that because surface waves include a finite number of frequencies, a Gaussian approximation is valid only when the characteristic wavelength of a period being used is smaller than the size of the structure being measured (e.g. Zhou et al. 2004; Yang & Forsyth 2006a) . To address this issue, Zhou et al. (2004) calculated finite frequency sensitivity kernels for both the phase and amplitudes of surface waves for full travel paths from the source to receiver. Zhou et al. (2004) showed that the polarity and amplitude of the sensitivity of surface waves to off-path structure varies away from the assumed great-circle travel path and also varies in amplitude with distance along the travel path. The sensitivity kernels of Zhou et al. (2004) were applied to regional surface wave tomography, using both one and two plane waves, by Yang & Forsyth (2006a) . Yang & Forsyth (2006a) also demonstrated that there is improved resolution of small features at periods above 50 s when the finite frequency effects of surface wave propagation are accounted for in this way. We therefore follow the method developed and applied by Yang & Forsyth (2006a, b) for accounting for the finite frequency effects of surface wave propagation in our 2-D inversions. Our inversions also solve simultaneously for velocity and azimuthal anisotropy (averaged over the study area) at each period.
Our study area is 1883 km by 1664 km (interior node size 1440 km × 1220 km) and includes the entire Tanzania Craton, the surrounding mobile belts and both the Eastern and Western branches of the EARS (Figs 1 and 2) . The area was divided into a set of interior and exterior nodes. Interior nodes were spaced 0.5 degrees apart and exterior nodes were spaced at 1 degree, giving a total of 837 nodes (Fig. 5 ). An a priori error estimate was assigned to each node to determine damping values. This error estimate was higher for exterior nodes (1.5 km s -1 ) than interior nodes (0.15 km s -1 ) to allow the exterior nodes, which are outside of our primary areas of interest, to preferentially absorb any abnormalities in the incoming wavefield that could not be accounted for by using the two-plane wave approximation.
Phase velocity results
In Fig. 6 , we show an average phase velocity curve representing all of our study area, and the average phase velocity curve for southern Africa (Adams & Nyblade 2011) , for reference. Average phase velocities for East Africa are shown in Table 1 , along with one standard deviation at each period. At periods of 30 s and less, the velocities measured in southern and eastern Africa are comparable within our errors, suggesting that crustal structure may be similar in these areas. At periods above 30s, phase velocities for East Africa are slower than those for southern Africa. The difference between the two curves is most pronounced at periods greater than 67 s where phase velocities in East Africa are as much as 4 per cent slower than in southern Africa. Although phase velocities for southern Africa increase steadily at periods greater than 40 s, velocities in East Africa are flat between 40 and 80 s, within calculated errors. Fig. 7 shows average phase velocity curves for each geological region as indicated in Fig. 5 and also shows phase velocities for the Archean Kaapvaal Craton in southern Africa for comparison (Adams & Nyblade 2011) . Phase velocity values are shown for each area in Table 1 . At all periods, especially at periods greater than 40 s, all regions within the East African plateau, including the Tanzania Craton, are significantly slower than the Kaapvaal Craton. For some regions and periods, this difference is more than 0.2 km s -1 .
Velocities are generally fastest for the Tanzania Craton, and velocities in the region directly north and west of the mapped craton boundaries are similar, within the reported uncertainties, to those within the craton. Velocities for both the Eastern and Western branches are up to 4.5 per cent slower than for the craton at all Shear wave velocity beneath Africa 7 Fig. 8 shows 2-D phase velocity maps for selected periods. At all periods, the Tanzania Craton is faster than the surrounding regions. The difference in velocity between the craton and surrounding regions is greatest at periods above 25 s. At all periods, the region directly north and west of the Tanzania Craton has velocities comparable to those observed within the craton. At periods less than 50 s, there are regions of low velocities focused beneath the Western Branch and the Kenya Rift. In the Western Branch, the slowest velocities are found beneath the Kivu Rift and between the Lake Rukwa and Lake Malawi rifts, where Quaternary to recent volcanism has occurred. At periods longer than 50 s, low velocities are primarily found beneath the Kenya Rift and the Malawi Rift, al- To further examine the resolution of our phase velocity models, checkerboard resolution tests were conducted and results for selected periods are shown in Fig. 9 . Resolution tests for additional periods are provided in the Supporting Information. At periods up to 125 s, input checkers were two degree squares alternating between 8 A. Adams, A. Nyblade and D. Weeraratne positive and negative 5 per cent velocity anomalies, and for periods of 143 s and greater, input checkers were three degree squares. At periods of 125 s and less, the locations of checkers are resolved, but less than half of the amplitude of the input velocity anomalies is recovered, particularly at the shortest periods (i.e. 25 s). For periods of 143 s and greater, two degree checkers were not well resolved, but three degree checkers can be resolved (Supporting Information). Resolution is best in the central region of the Tanzania Craton, where the ray path coverage is greatest. The areas with the poorest resolution are in the southwestern and southeastern parts of the model domain. Fig. 9 also illustrates the resolution for a single +5 per cent velocity anomaly simulating a lithospheric keel beneath the Tanzania Craton. This test indicates that at a period of 143 s, both the shape and amplitude of the anomaly are well recovered. Tests at greater periods indicate that the shape of such an anomaly is well resolved, but that the amplitude of the anomaly is not as well recovered.
As described in Section 3.2, the inversion for 2-D phase velocity maps includes a solution for the average azimuthal anisotropy at each period, which is illustrated in Fig. 10 . For periods of 25 s and less, the fast direction is roughly east-west with average peak-topeak anisotropy of 0.7 per cent, and probably represents anisotropy because of crustal structure. At periods greater than 25 s, the azimuth of the fast propagation direction varies between periods, but is generally oriented NW-SE, and has a fairly constant magnitude of approximately 0.8 per cent peak-to-peak. Anisotropy measurements for the longest two periods are poorly constrained and have not been included in Fig. 10 . Our 2-D inversions solve simultaneously for average phase velocity and anisotropy parameters, and because anisotropy at the two longest periods in not well constrained, there could be a significant trade-off between velocity and anisotropy at those periods. The implications of this for structure in the deeper parts of the upper mantle obtained from our shear wave velocity inversion is discussed below.
S H E A R V E L O C I T Y I N V E R S I O N
Inversion for shear wave velocity
We follow the method of Park et al. (2008) for inverting the phase velocity observations to obtain a quasi-3-D shear wave velocity model for the East African upper mantle. In this method, we constrain crustal structure based on a priori information, invert for a 1-D shear wave profile at each of our interior nodes (Fig. 5) , and apply a Gaussian weighted smoothing parameter with a characteristic length of 80 km across the 1-D models to create a quasi-3-D shear wave model.
To compute shear wave velocity profiles at each node, we follow the inversion methodology described by Julia et al. (2000) . This inversion technique uses an iterative damped generalized linear least-squares inversion that was designed to jointly invert both dispersion and receiver function data. To apply this joint inversion method, we designate the weight assigned to receiver function data to be equal to zero. The technique of Julia et al. (2000) inverts observed data, which in our case are phase velocities, with model smoothness and weighting parameters to solve for changes to a starting velocity model.
The starting model used for the 1-D inversions for each node is a velocity model representative of the geological region in which the node is located (Fig. 5) . To obtain the regional 1-D models, we use crustal thickness and velocity estimates ( Table 2) with those obtained in previous studies, as discussed in Section 2.2, over the IASP91 model for the mantle (Kennett & Engdahl 1991) . Using these starting models, we invert the average phase velocity curves for each geological region (Fig. 7) . We include a 1 km thick layer above and below the Moho with no vertical smoothing to constrain the Moho depths and still allow large variation in velocity across the Moho. All other layers above the 410 km discontinuity were 10 km thick, and a linear smoothing parameter was used to prevent large and unrealistic contrasts in velocity between adjacent layers, which Rayleigh waves are not sensitive to. At depths greater than 410 km, the models were fixed to equal the IASP91 velocities.
Similar to the regional models, for the 1-D inversions at each node velocities below 410 km were fixed to IASP91 velocities. Smoothing was applied to all layers above 410 km, except for the 1 km thick layers above and below the Moho, effectively fixing the Moho depth, although allowing velocities above and below the Moho to vary.
Shear wave velocity results
Depth slices from the shear wave velocity model are shown in Fig. 11 , and cross-sections through the model are shown in Fig. 12 .
At depths less than 200 km, the Tanzania Craton is the dominant fast feature with shear wave velocities up to 4.65 km s -1 . The fastest velocities at 100 km depth are observed beneath the craton and extend laterally over most of the craton. High velocities comparable to those observed beneath the craton are found to the north beneath the Ruwenzori Belt and the Ugandan Basement Complex. Moderately high velocities (∼4.5 km s -1 ) also extend to the west beneath the Ubendian and Kibaran belts and to the east beneath the northern Tanzania divergence zone. At a depth of 150 km, reduced velocities are observed where rifting of the Eastern Rift Branch encroaches on the eastern margin of the craton. Between depths of 150-200 km, the fastest velocities associated with the craton shift westward to the western half of the craton and form a north-south trending feature.
We also observe a region of reduced velocity beneath the entire study area at depths greater than ∼225 km. Velocities less than 4.4 km s -1 are found in all areas of our model at depths greater than 225 km, and in most regions, velocities remain below 4.4 km s -1 to the 410-discontinuity, where our models are tied to IASP91. The lowest velocities are less than 4.15 km s -1 , and are generally found beneath the rifts at depths between 250 and 350 km, although some of this velocity reduction may not be well resolved because of the trade-off in our phase velocities at 167-182 s between average velocities and anisotropy.
Velocities are also slow throughout the upper 200 km of the mantle beneath the rifts. Velocities beneath the Kenya Rift are between 4.2 and 4.35 km s -1 in the upper 200 km, but are faster to the south in the northern Tanzania divergence zone. In the northern part of the Western Branch, beneath the Lake Kivu and Uganda rifts, velocities are slightly faster than beneath the Kenya Rift at comparable depths, ranging between 4.3 and 4.45 km s -1 . Velocities are slowest beneath the Lake Kivu Rift, coinciding with an area of active volcanism. To the south, beneath the Lake Tanganyika Rift, velocities are faster, ranging between 4.35 and 4.55 km s -1 . For the Lake Malawi Rift, velocities are also slow (4.25-4.45 km s -1 ) and decrease to less than 4.15 km s -1 at greater depths.
Model uncertainties
Usually, formal statistical uncertainty estimates assume that measurement errors be normally distributed and independent. These requirements are not typically met by surface wave velocity measurements, or for that matter, other data commonly used to model the velocity structure of the crust and mantle, such as receiver functions (Julia et al. 2000) . Because of this, Julia et al. (2000 Julia et al. ( , 2005 suggested a less formal approach of estimating velocity uncertainty by simply varying inversion parameters and redoing the inversions many times. To estimate the uncertainty in shear wave velocity (Vs), we have followed this approach, repeating the inversions for a range of smoothing parameters and crustal constraints and observing the variability of the models. From our results, we estimate the uncertainty in Vs over resolved depth ranges shallower than 250 km is less than 0.2 km s -1 , and no more than 0.3 km s -1 at greater depths.
Because Rayleigh waves are sensitive to a broad range of depths, with the range of depths increasing with period, the shear wave velocity models calculated by linear inversion correspondingly have poorer vertical resolution with depth (e.g. Wiggins 1972; Tsuboi & Saito 1983) . Based on the range of the periods used in our inversions for shear wave velocity and the depth sensitivities of Rayleigh waves at those periods (Wiggins 1972; Tsuboi & Saito 1983) , we estimate the depth uncertainty of major features in our model to be on the order of ±25-50 km at shallow mantle depths and on the order of ±75-100 km deeper in the upper mantle.
To illustrate the depth uncertainty in the lower portion of our shear wave model, we show in Figs 13 and 14 how the dispersion measurements in each geological region are affected when the bottom of the LVA is constrained in the inversion to several depths <410 km. Error bars on the dispersion curves indicate the average uncertainty for all nodes within each region from the diagonals of the covariance matrices of our 2-D inversion (see Section 3.3 and Supporting Information). As demonstrated in these figures, the dispersion measurements for some geological regions can be fit within the error bounds when the bottom of the LVA is placed at 350 km depth, if the velocities within the LVA are reduced relative to our preferred model. The dispersion measurements cannot be fit within the uncertainties by our inversion, however, when the bottom of the LVA is constrained at 300 km depth. Fig. 15 compares global average seismic structure to average 1-D shear wave profiles for the regions indicated in Fig. 5 , with one standard deviation within the model for each depth interval. For the Tanzania Craton and regions directly to its north and west, the velocities in the upper 150-200 km are faster than ak135 (Kennett et al. 1995) , but are slower than ak135 at greater depths, reaching an average minimum of 4.2 km s -1 at a depth of 290 km. There is an approximate 10 per cent decrease in velocity from the fastest lid velocity to the slowest upper mantle velocity in the average model of the Tanzania Craton, although some of this velocity reduction may be because of the trade-offs between average phase velocity and anisotropy at the longest periods of our inversion. The Western Branch is slower than ak135 at all depths, except between 150 and 200 km, where velocities are comparable to ak135. The Eastern Branch is slower at all depths than ak135. All regions are slower than ak135 at depths greater than 200 km.
D I S C U S S I O N
In summary, our inversions for phase velocities indicate that for the Tanzania Craton, phase velocities at periods of >40 s are up to 4 per cent slower than for the Archean Kaapvaal Craton of southern Africa. For the regions comprising the Eastern and Western branches, we obtain phase velocities that are as much as 4.5 per cent slower than for the Tanzania Craton at all periods. At periods less than 60 s, the Western Branch exhibits the slowest velocities, however, at periods greater than 60 s, velocities are comparable to or faster than the velocities in the Eastern Branch. We find evidence of azimuthal anisotropy that is oriented in a generally north-south direction. This is broadly consistent with the direction of anisotropy reported by previous studies (e.g. Weeraratne et al. 2003; Walker et al. 2004) , as well as with the general north-northeast trend of the EARS.
In our shear wave model of the upper mantle, the Tanzania Craton is a prominent feature, and fast velocities associated with it extend beyond its mapped boundary to the north, east and southeast. We find that the maximum lid velocities for the Tanzania Craton are comparable to those of the Kaapvaal Craton and other Archean cratons. By equating the seismic lid with the lithosphere, as is commonly done in seismological studies of the lithosphere, this result indicates that any thermal anomaly in the upper mantle has not destroyed the lithospheric keel of the Tanzania Craton, as may have occurred elsewhere (i.e. the north China Craton; Huang et al. 2009 ). Again, equating the seismic lid thickness to lithospheric thickness, we find that the thickness of the lithosphere beneath the Tanzania Craton is between 150 and 200 km, depending on whether the bottom of the lithosphere is selected based on the depth of the maximum negative velocity gradient or the depth of the minimum velocity (Fig. 15) . This is consistent with the lithospheric thickness reported for the Tanzania Craton by Weeraratne et al. (2003) , Fishwick (2010) and Pasyanos & Nyblade (2007) , but is much thinner than the lithospheric thickness of >250 km reported by Priestley et al. (2008) .
Within the craton, we find that the thickness of the lithosphere may vary by more than 50 km. Depth slices through the shear wave model in Fig. 11 show that fast velocities defining the cratonic lithosphere extend to the deepest depths along a north-south zone that runs through the western part of the craton. The cross-section through the southern craton (Fig. 12e ) also illustrates the thicker region of fast velocities beneath the western craton, as well as the thinning of the lithosphere towards the Indian Ocean to the east. The thicker lithosphere to the west suggests that the lithosphere beneath the Tanzania Craton has been thinned in the east, possibly because of heating by a thermal upwelling in that region, as suggested by previous studies (e.g. Nyblade et al. 2000; Park et al. 2006) , and as discussed in greater detail below.
The northern boundary of the Tanzania Craton has been tentatively defined by the southern extent of the Ruwenzori Fold Belt (Cahen et al. 1984) , which may be thrust over the craton. Farther north, the Ruwenzori Fold Belt may also be thrust over the Ugandan Basement Complex. The tectonic relationship between the basement of the Tanzania Craton and the Ugandan Basement Complex is not well documented. Depth slices through our model show that velocities throughout the upper mantle are similar between the portion of the Tanzania Craton beneath Lake Victoria and the area directly to the north of it that includes the Ruwenzori Fold Belt and the Ugandan Basement Complex (Fig. 12b) . We find little seismic evidence at any mantle depth that the Ruwenzori Fold Belt represents a through-going lithospheric structure separating two cratonic blocks. Velocities are similar across this boundary, with only a narrow region across the boundary where the lithosphere may be thinned by less than 25 km. This finding is consistent with the suggestion made by many previous investigators that the two rift branches have formed in the weaker mobile belt lithosphere surrounding a central rigid block composed of the Tanzania Craton and the Ugandan Basement Complex.
We also observe an eastward extension of the high velocities indicative of cratonic lithosphere into the northern Tanzania divergence zone and the Mozambique Belt. This finding is consistent with previous studies that have noted high lithospheric mantle velocities in this region (Brazier et al. 2000) and crustal thicknesses that indicate little, if any crustal thinning to because of the rifting in the region (Last et al. 1997; Dugda et al. 2005) . This finding suggests that the Tanzania Craton lithosphere extends at depth to the east beneath the Mozambique Belt in northern and central Tanzania, in agreement with geochemical and heat flow studies arguing for a craton-like cool geotherm in the Mozambique Belt (Nyblade 1997; Bellucci et al. 2011) .
Our results show three regions in the upper 200 km where velocities are lowest, beneath the Kenya Rift, the Kivu and southern Ugandan rifts and between the Lake Rukwa and Lake Malawi rifts. These are all regions with Cenozoic volcanism. The largest of these low velocity regions, volumetrically, is beneath the Kenya Rift, which is more volcanically active than the Western Branch (Ebinger 1989; Furman 2007) . The other two regions with low velocities in the upper 200 km are found beneath the smaller Virunga and Rungwe volcanic fields (Fig. 1) . Beneath the Eastern and Western Rift branches, velocities in the upper 150 km are up to 8 per cent slower than velocities for the Tanzania Craton at the same depths. These low velocities are pervasive throughout the Kenya Rift. At depths greater than 200 km, velocities beneath the Kenya Rift continue to decrease to less than 4.15 km s -1 at 250 km depth. At these depths, velocities beneath the Kenya Rift 14 A. Adams, A. Nyblade and D. Weeraratne are only 0.1 km s -1 lower than those found beneath the Tanzania Craton.
Our model illuminates the apparent westward dipping low velocity structure beneath the Eastern Branch described in Section 2.2 (Ritsema et al. 1998; Nyblade et al. 2000; Park et al. 2006) . Our results indicate that the LVA beneath the Eastern Branch is part of a broad LVA that extends beneath the Tanzania Craton and connects to the Western Branch. This finding is also consistent with global and continental-scale tomography models, which show a large-scale low velocity structure beneath the entire East African plateau (e.g. Ritsema et al. 1999; Grand 2002; Simmons et al. 2007; Hansen et al. 2010) . Thus, the westward dip of the LVA beneath the Eastern Branch reported by previous studies (e.g. Ritsema et al. 1998; Nyblade et al. 2000; Park et al. 2006 ) is an apparent dip caused by the lack of resolution beneath the western part of the East African plateau in these earlier studies.
Figs 13 and 14 demonstrate that the LVA we observe is best fit by a LVA that extends to at least 410 km depth. To test further the possibility that the LVA we observe in the upper mantle could extend into the transition zone, as has been indicated by previous studies (e.g. Owens et al. 2000; Huerta et al. 2009 ), we performed an additional 1-D inversion for each region although fixing the velocities in the transition zone to be 5 per cent slower than IASP91 velocities. The Clapeyron slope for the olivine to β-spinel transition predicts that for a 5 per cent slow transition zone, the transition would occur at a depth of 420 km (Bina & Helffrich 1994) , and so we fix the velocity transition to that depth. The results of these tests indicate that the observed phase velocities can be better fit by lower transition zone velocities, however, as shown in Fig. 14, this improvement is smaller than the modelling uncertainties. Thus, this test is not intended to show that our model constrains reduced velocities in the transition zone, but rather shows how constraints at the base of our model from previous studies of the transition zone would impact the fit of our shear wave model to our observed phase velocities. Additional results for a quasi-3-D model with a 5 per cent slower transition zone are provided in the Supporting Information.
Seismic velocity at a given depth is a factor of many material properties including chemical composition, water content, grain size, partial melts and temperature. Therefore, it is possible that some of the velocity variations we observe in our study are because of factors other than temperature. The presence of rift-parallel anisotropy indicates the possible presence of partial melt, which has been indicated by similar patterns of anisotropy in the Main Ethiopian Rift to the north (Bastow et al. 2010) . However, changes in chemical composition are estimated to only account for velocity variations of less than 1 per cent (e.g. Sobolev et al. 1996; Goes et al. 2000; Griffin et al. 2003) , and water content is unlikely to be a factor because of the long absence of subduction in this region. Thus, although we attribute the low velocities in the upper mantle beneath the East African plateau largely to elevated temperatures, we acknowledge that the presence of partial melt and compositional variations also may contribute to the low velocities. In addition, because anisotropy at the longest two periods in our study (167 and 182 s) is poorly resolved, as discussed in Section 3.3, it is possible that some of the observed velocity anomaly at the deepest depths of our model could result from the trade-off between average phase velocities and the poorly resolved anisotropic parameters.
To estimate the temperature anomaly represented by the LVA that we observe, we assume a conversion factor of 1 K for a velocity change of 0.0012 km s -1 . This conversion factor was determined assuming a grain size of 10 mm, at an average temperature of 1300
• C, and for a period of 100 s (Faul & Jackson 2005; Wiens et al. 2008) . At a depth of 300 km, where our average shear wave velocity profile for East Africa has a minimum, velocities are approximately 0.5 km s -1 less than IASP91. If this velocity anomaly is attributed solely to a temperature perturbation, then this represents a perturbation of 415 K. This is an unrealistically large perturbation and is also much larger than the temperature anomaly predicted at the top of the transition zone from receiver function stacks (e.g. 200-300 K, Owens et al. 2000; ∼350 K, Huerta et al. 2009) , from an attenuation study (280 K, Venkataraman et al. 2004) and from geochemical analysis of primary magmas (≤140 K, Rooney et al. 2012) . This line of reasoning further supports our interpretation that the velocity reduction likely reflects a combination of temperature, partial melt and compositional variations.
The presence of a broad LVA beneath the entire study region and the thermal anomaly that it represents has important implications for understanding the uplift of the East African plateau and the origin of the EARS. Three types of models that have been proposed for the uplift of the East African plateau and rifting invoke (1) small-scale upper mantle convection, (2) a plume head or (3) an extension of the African superplume into the upper mantle (Fig. 16) . Below, we evaluate these models using our results and those from previous studies.
The first type of model suggests that small-scale convection occurs either because of stretching of the lithosphere (Buck 1986; Mutter et al. 1988; Webb & Forsyth 1998) , or edge flow convection around the Congo Craton (King & Anderson 1995; King & Ritsema 2000 ; Fig. 16a ). The depth and lateral extent of the low velocity zone shown in our model are too large to be explained by either edge flow convection or small-scale convection induced by stretching of the lithosphere, and so a model invoking small-scale convection is not favoured.
The second type of model attributes the uplift and rifting of the EARS in East Africa to a mantle plume beneath the Tanzania Craton (e.g. Simiyu & Keller 1997; Nyblade et al. 2000; Park et al. 2006; Fig. 16b ). The broad LVA in the upper mantle throughout our study area, and the apparent thinning of the lithosphere beneath the eastern side of the Tanzania Craton, is consistent with this hypothesis. The thickness (>200 km) and 16 A. Adams, A. Nyblade and D. Weeraratne lateral extent of the low velocity zone beneath the entire East African plateau are large for a starting plume head. The volume of thermally perturbed mantle beneath the East African plateau, assuming a minimum thickness of 200 km beneath the entire East African plateau, is 351 million cubic km. This estimate is larger than what has been modelled for other plumes (e.g. Sleep 1997; Ebinger & Sleep 1998 ), but is not necessarily larger than what is geodynamically possible for a plume originating at the core-mantle boundary (e.g. Campbell & Griffiths 1990; Griffiths & Campbell 1991; Campbell 2005) . However, we have given a minimum estimate of volume for the thermal anomaly beneath the East African plateau, and have not accounted for the connection to the thermal anomaly beneath the Ethiopian Plateau to the north (Benoit et al. 2006a, b) , nor the likely extension of the thermal anomaly into the transition zone. When the entire size of this anomalous region is considered along with the temperature contrast that we estimate for the anomaly, then mantle plume models cannot easily account for the volume of thermally perturbed mantle, unless there is more than one plume.
A third geodynamic model that has been proposed suggests that there is a direct thermal connection between the African superplume in the lower mantle beneath southern Africa and the thermal anomaly in the upper mantle beneath eastern Africa (Fig. 16c) . Global tomographic studies (Ritsema et al. 1999; Grand 2002; Simmons et al. 2007; Hansen et al. 2010) lend support to this model. The broad thermal anomaly we observe in the upper mantle beneath the East African plateau is more easily explained with this model than a starting plume head model.
Additional support for a broad thermal anomaly in the upper mantle beneath all of East Africa comes from gravity studies and geochemical studies, as reviewed in Section 2.2. To summarize, a gravity study by Simiyu & Keller (1997) finds evidence for a broad long wavelength negative gravity anomaly across the Tanzania Craton and the Eastern and Western branches. Shorter wavelength, higher amplitude negative anomalies over the two rift branches are superimposed on the longer wavelength anomaly. An early study of gravity and elastic plate thickness across the EARS determined that the high topography of the East African plateau is overcompensated by buoyant low-density mantle material, a finding that is also consistent with a broad thermal anomaly in the upper mantle . Geochemical evidence for a thermal upwelling is provided by both xenolith studies and geochemical analysis of volcanic rocks. Chesley et al. (1999) , for example, found that the composition of xenoliths from beneath the eastern side of the Tanzania Craton indicates a primitive mantle, consistent with a deep thermal upwelling. Isotope studies of basalts in the Kenya Rift and the Western Branch indicate high-μ magma composition, which is typical of lower mantle plume-like sources, as reviewed in Section 2.2 (Pik et al. 2006; Furman 2007) .
S U M M A RY A N D C O N C L U S I O N S
In this study, we have inverted data from the TBSE together with data from the AfricaArray East African Seismic Experiment stations and many permanent stations in the region for Rayleigh wave phase velocities using the two-plane wave approximation method of Forsyth & Li (2005) . We find that phase velocities beneath the Tanzania Craton and the areas directly north and east of the craton are faster, at all periods, than those beneath the Western and Eastern branches of the EARS. At the shortest periods, the Western Branch is slower than the Eastern Branch, but at periods longer than 50 s,
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A. Adams, A. Nyblade and D. Weeraratne this relationship is reversed. Anisotropy is found at all periods, and the fast direction for all periods is roughly north-south, generally aligned with the trend of the EARS.
We have inverted the phase velocities for a quasi-3-D model of shear wave velocity. Our shear wave velocity model indicates that the lithosphere of the Tanzania Craton is fast to depths between 150 and 200 km. The fast velocities characteristic of the Tanzania Craton extend to the north beneath the Uganda Basement Complex and to the east beneath the northern Tanzania divergence zone. These regions together form a rigid block, around which rifting has occurred in the weaker lithosphere of the mobile belts. Both the Eastern and Western branches are generally slower than the Tanzania Craton at lithospheric mantle depths. Both branches also have variable structure along strike in the upper 200 km of the mantle, with the slowest velocities beneath regions of Cenozoic volcanism.
At depths greater than ∼225 km, we find a LVA beneath the entire East African plateau, with velocities reduced by ≥10 per cent relative to lid velocities. The anomaly likely extends into the transition zone, although this cannot be fully constrained by our data set. Based upon the velocity reduction compared to IASP91, we estimate that the anomaly could represent a thermal perturbation >400 K, which is unrealistically large. Consequently, it is likely that the velocity reduction reflects a combination of thermal and compositional changes, as well as the presence of some partial melt. The width and thickness of the LVA is larger than is typically expected for a staring plume head, and is more easily explained by an upward continuation of the lower mantle African superplume structure into the upper mantle.
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